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Abstract: Although the advent of ever-larger and more sensitive telescopes in the coming decade
will reveal correspondingly fainter, more distant galaxies, a question will persist: what more is
there that these telescopes cannot see? One answer is the source-subtracted Cosmic Infrared Back-
ground (CIB). The CIB is comprised of the collective light from all sources remaining after known,
resolved sources are accounted for. A crucial point: unlike the cosmic microwave background, the
CIB arises from discrete sources. Ever-more-sensitive surveys will identify the brightest of these,
allowing them to be removed, and – like peeling layers off an onion – reveal deeper layers of the
CIB. In this way it is possible to measure the contributions from populations not accessible to direct
telescopic observation. Measurement of fluctuations in the source-subtracted CIB, i.e., the spatial
power spectrum of the CIB after subtracting resolved sources, provides a robust means of charac-
terizing its faint, and potentially new, populations. Studies over the past 15 years have revealed
source-subtracted CIB fluctuations on scales out to ∼ 100′ which cannot be explained by extrapo-
lating from known galaxy populations. Moreover, they appear highly coherent with the unresolved
Cosmic X-ray Background, hinting at a significant population of accreting black holes among the
CIB sources. Characterizing the source-subtracted CIB with high accuracy, and thereby con-
straining the nature of the new populations, is feasible with upcoming instruments and would
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produce critically important cosmological information in the next decade. New coextensive
deep and wide-area near-infrared, X-ray, and microwave surveys will bring decisive opportunities
to examine, with high fidelity, the spatial spectrum and origin of the CIB fluctuations and their
cross-correlations with cosmic microwave and X-ray backgrounds, and determine the formation
epochs and the nature of the new sources (stellar nucleosynthetic or accreting black holes).
2
1. Introduction
The cosmic infrared background (CIB) includes emissions from objects inaccessible to direct
telescopic studies [see review by 25, and refs therein]. However, direct measurements of the CIB
intensity provide only upper limits at most near- to mid-IR wavelengths because of uncertainties in
the contributions of Galactic and zodiacal foregrounds. A complementary approach is to charac-
terize the spatial fluctuations of the source-subtracted CIB [29]. This analysis can employ data sets
without an accurate determination of the absolute zero point, and avoids some of the difficulties
in modeling the foreground contributions [28, 27, 21, 45, 7]. The spatial power spectrum of CIB
fluctuations depends on the clustering of the remaining sources, and their integrated emission.
Lower limits on the extragalactic background (EBL) flux come from integrating source counts
in various bands; upper bounds can be estimated from the γ-ray opacity caused by the CIB/EBL
(Fig. 1). All these estimates are generally consistent, and the present uncertainties show the
range of the allowed CIB contribution from sources fainter than detected in surveys. The source-
subtracted CIB is that remaining after subtraction of the contribution from individually resolved
sources, and is the key observable information on an otherwise unseen portion of the Universe.
The efforts over the past decade and a half identified source-subtracted CIB fluctuations in deep
Spitzer and Akari data from new unknown populations. The measurements [32, 34, 33, 36, 6, 46,
16] span 2–5µm; at shorter wavelengths there is currently significant uncertainty with conflicting
results from, in chronological order, deep 2MASS, HST/NICMOS, CIBER and HST/WFC3 anal-
yses [30, 52, 55, 56, 63, 49]. The source-subtracted CIB from deep Spitzer data appears highly
coherent with soft cosmic X-ray background (CXB) [12, 13, 50, 44] implying a significant pres-
ence of accreting black holes (BHs) among the new CIB sources. (See review by [39].)
The CIB fluctuation signal implies new populations below the (faint) flux limit (AB>∼25) with
significant implications for cosmology. Identifying with high accuracy the properties of source-
subtracted CIB and understanding the nature of its populations is feasible with upcoming instru-
ments and should be one of the major goals in cosmology for the coming decade.
Theoretically such CIB signal was predicted to arise from the first stars era (FSE) [31, 14]. The
sources responsible for it can come from Population III, predicted to be very massive stars that, for
the standard ΛCDMmodel, form in first collapsed minihalos of 106−9M⊙ at z > 10 [10, 11, 1]; the
faint minihalos will have high projected surface density lying largely in the confusion noise of the
next decade telescopes [38]. The early epochs could also contain abundant BHs of various origins,
contributing at both IR and X-ray [3, 60, 61, 62, 26, 41]. Also there may be contributions from new
stellar populations at low to intermediate z as well as from a new particle decay [9, 16, 20]. The
Figure 1: Top: Data points show the
differential contribution to the mean back-
ground flux for galaxy count surveys [17].
The line and shaded uncertainty band are
the mean flux provided by the reconstruc-
tion of [22]. Bottom: The reconstruction
in black shows the net EBL flux vs. mag-
nitude. The red dotted lines (hatched band)
show the 1σ (2σ) range on EBL estimates
from γ-ray opacity [18] (the 4.5µm lim-
its are not constraining and are not shown).
The range between the lowest limit from
the integrated counts and the highest limit
of the γ rays is the possible intensity of the
source-subtracted extragalactic light.
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Figure 2: Mean squared fluctuation, q2P (q)/(2pi), at angular scale 2pi/q. Left: Spitzer-based source-subtracted CIB fluctuations at different
shot-noise power levels [32, 34, 36, 16] at 3.6µm and 4.5 µm. No decrease of the large-scale clustering component with shot noise yet appears at
these shot-noise levels, its power marked in nJy·nW/m2/sr. Contribution from remaining known galaxies is shown from [22]. The intrahalo light
(IHL) models at low z, green short dashes from [15] and green long dashes [63] , in their presented form appear inconsistent with the CIB data
and cannot account for the CIB-CXB cross-power shown in right panels. BH-based models can account for the data at all shot-noise levels and the
observed CIB-CXB cross-power. The DCBH model [60] is shown with red dash-triple-dotted lines, the LIGO-type PBH model [26] is shown with
blue solid line. Adapted from [39]. Right: The CIB-CXB cross-power between the IRAC 3.6 and 4.5 µm CIB and Chandra soft CXB [13].
populations cannot be observed directly by existing telescopes, but could be probed via source-
subtracted CIB anisotropies (or fluctuations).
2. Properties of source-subtracted CIB anisotropies and cosmological implications
The source-subtracted CIB fluctuations uncovered in deep Spitzer data, are displayed in Fig.
2, left. They contain two terms: 1) shot-noise, or the convolved white noise, and 2) the clustering
term which originates from new unknown populations. The Spitzer- and Akari-based measure-
ments [32, 34, 36, 6, 46, 16] cover 2–5 µm; their main established properties are summed up
below with Fig. 2 showing their most relevant properties [see ref. 39, Sec. V.B.3]:
• The shot noise component, PSN=
∫∞
m0
S2(m)dN , dominates small angular scales (dotted lines in
Fig.2, left panels). It still comes mainly from the known sources below the limiting flux S of mag-
nitudem0≃24–25 (related to survey flux limits).
• There is a clear excess of CIB clustering power (scales & 100′′) at 3.6 and 4.5 µm over that from
known remaining galaxies [25, 22]. The excess power from clustering appears isotropic on the sky
consistent with a cosmological origin [34, 36].
• The clustering component does not yet appear to drop with decreasing shot-noise suggesting it
is produced by very faint sources with 3.6 and 4.5 µm flux densities .20nJy [35].
• The CIB fluctuations at AKARI wavelengths suggest a Rayleigh-Jeans energy spectrum for the
power at 2–5µm, i.e. P ∝λ−2n with n∼3 [46].
• Spitzer/AKARI band-integrated CIB fluctuations are δF2−5µm(5′) ≃0.1 nW/m2/sr [39], corre-
sponding to the mean CIB flux ∼1 nW/m2/sr [35] if at high z, which added to known populations
is consistent with the γ-ray absorption measurements of 11.6+2.6−3.1 nW/m
2/sr (2σ) at 1.4 µm [18].
• The CIB clustering component is strongly coherent with the (soft) cosmic X-ray background
(CXB) [12, 13, 50, 44]. The cross-power, PCIB×CXB, cannot be explained by remaining known
galaxies [23]. The emerging CXB-CIB coherence, C ≡P 2CIB×CXB/PCIB/PCXB, exceeds C &0.04
[13] suggesting a significant abundance of accreting BHs among the CIB-producing sources.
3. Questions posed by the CIB fluctuation measurements
The current theoretical proposals for the origin of the sources behind the CIB fluctuations differ
4
in the epochs populated by these sources: the original discovery by [25] posited that the signal
is from the first stars era, while later [16] proposed that it comes from an intrahalo light (IHL)
of normal stars stripped away in galactic mergers at low to intermediate z. The IHL proposals
(Fig. 2), as presented, do not fit the CIB fluctuations at lower shot noise levels, do not account for
the CIB-CXB coherence, and the modelling in [63] appears in tension with the the newest γ-ray
absorption limits [18]. Massive Pop III stars at z &10 can account for the CIB fluctuations only
with somewhat “optimistic” efficiencies of formation (5-10%) inside the first minihalos [24]. With
the discovery of the CIB-CXB coherence, two suggestions have been made for the origin of these
fluctuations, both involving BHs at high z: 1) direct collapse BHs (DCBHs) [60] and 2) LIGO-
type primordial BHs (PBHs) making up dark matter [26]. CIB fluctuations are thus a critical tool
for the understanding of: i) new populations that cannot be detected directly; ii) the physics of
the pregalactic Universe; iii) the nature of the first sources and, potentially, reionization; iv) BH
activity; and v) the possible connection to the nature of dark matter and LIGO-type BHs.
The specific questions that need to be answered, and the required configurations, are:
Q1: What are the epochs of the sources producing the CIB fluctuations?
The redshift of the sources producing the CIB fluctuations can be estimated by identifying a Ly-
man break in the spectrum of the sources, in much the same way that individual galaxy redshifts
can be estimated from photometric dropouts. However, to be effective for the CIB, there must be
a relatively sharp cutoff for the minimum z of the sources, and the foreground sources that would
not show a Lyman break must be minimized. Observations in the visible and near-IR are needed,
as sources whose epoch ends at z ∼ 10 would show a Lyman break at ∼ 1 µm. The observational
configuration required to isolate the Lyman break must reach AB&25 since at brighter magni-
tudes the CIB power below ∼1µm from remaining known galaxies, and its systematic uncertainty
strongly dominates that observed from the new populations at 2–5µm [38].
Q2: How does the CIB from these sources evolve over cosmic time?
The redshift evolution of the CIB fluctuations can be isolated in further detail via Lyman tomog-
raphy by examining, suitably subtracting, the relative brightness of the large-scale fluctuations in
a series of adjacent spectral bands.With increasing wavelength, such comparisons are sensitive to
the fraction of the population lying at increasingly high redshifts [38, 37]. These studies require
deep imaging (to remove foreground sources) over large areas (to obtain high S/N power spectra
at large scales) in many adjacent filters (to explore as a function of z).
Q3: What are the relative contributions of stars and BHs to the CIB fluctuations?
The CIB-CXB cross-correlation appears real, but not sufficiently constrained at present. Improved
measurements of the correlations at large and small angular scales can better resolve the CIB frac-
tion produced by sources that are associated with the X-ray emission. Whether this correlation is
found only in the large-scale clustering component or also extends to small angular scales, due to
intrinsic coherence of the CIB and CXB shot noise from the new sources, will indicate the extent to
which the IR and X-ray sources are physically the same objects or whether they are distinct objects
(emission mechanisms) that are grouped together through the cosmic structure [24, 60, 37, 59].
Q4: What is the contribution of the new sources to the CXB fluctuations?
In the event that the intrinsic CIB-CXB coherence is high and the CIB fluctuations are measured
with better S/N than the CXB fluctuations, the CIB fluctuations can be used to make a better
estimate of the CXB fluctuations from the correlated sources than is possible from the X-ray ob-
servations alone. See Figure 4,left.
Q5: What is the contribution of the new sources to reheating and reionization of the IGM?
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The IGM plasma would produce weak temperature anisotropies in the cosmic microwave back-
ground (CMB) via the Sunyaev-Zeldovich (SZ) effect. While these SZ anisotropies are too faint
to be detected, the cross-correlation of maps of specific source-subtracted CIB fluctuations with
suitably constructed microwave maps at different frequencies, can probe the physical state of the
gas during reionization and test/constrain models of the early CIB sources [8].
Q6: Can the CIB fluctuations constrain the cosmological model at high z?
Lyman tomography uses measurements of the CIB fluctuations over large areas at multiple wave-
lengths to derive high-precision measurements of the CIB power spectrum as a function of redshift
at z >10. This in turn may enable probing the baryonic acoustic oscillations (BAOs) at redshifts
beyond those that can be probed by other means, opening a brand new window on the standard
cosmological model to obtain constraints from the high redshift universe [37].
4. Outlook to the coming decade
In the next decade, new observations of the CIB fluctuations will need to meet several require-
ments to significantly help answer Q1 and Q2, above. First, the observations will need to be made
over large areas, on order of 103 deg2. This is needed to obtain the best possible S/N out to the
largest possible angular scales. The data must be collected and processed by means which accu-
rately capture large scale structure [19, 4, 5]. Second, observations in multiple near-IR bands are
needed to study the SED of the fluctuations to probe the cutoff redshift (Q1), and to determine the
cosmic history of the emission of the CIB sources. Third, the data should have sufficient sensitivity
and angular resolution to detect and subtract as much of the total CIB as possible.
Fig.3 shows how the data from the upcoming Euclid mission [42, 43] will provide very useful
results via the NASA selected LIBRAE (Looking at Infrared Background Radiation Anisotropies
withEuclid) project (https://www.euclid.caltech.edu/page/Kashlinsky%20Team). Euclid’s NISP instrument will probe
CIB fluctuations in Y, J, and H near-IR bands, and VIS which will do the same in a single broad
visible light band. The left panels of Figure 3 show the expected contributions of remaining galax-
ies in the CIB power spectrum obtained from Euclid’sWide and Deep surveys, after subtraction of
sources to the AB≃25–26 magnitude limits. In the H band, the extrapolated large-scale fluctuation
is expected to be much stronger than that of faint known galaxies. In the VIS band, the clustering
component will drop out if due to high z sources, and only the power of the unresolved known
populations should be detected. The right panels of Fig.3 show that the 3 near-IR bands will en-
able Lyman tomography to explore the history of the emission (Q2), and the large areas will allow
sufficient S/N to probe the BAO imprint in the power spectrum, addressing (Q6).
Figure 3: Left: CIB fluctuations from known galaxies remaining in the Euclid VIS and NISP bands (grey shaded area for Wide Survey and
red lined area for Deep Survey). Thick solid line is a high-z CIB, which fits Spitzer 3.6, 4.5 µm CIB fluctuations. Right: The Lyman-tomography
reconstruction of the CIB emission history and BAOs for Euclid’s (Y,J,H) filters and Wide Survey depth at each z-range. Red line shows the
underlying CIB fluctuations by sources in the marked z-range from high-z stellar populations reproducing Spitzer measurements. Black lines
include also the contributions from known remaining galaxies [22] with its uncertainty marked by dotted lines. Adapted from [39].
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Figure 4: Left: Residual CXB, δFX≡(q/
√
2pi)PCIB×CXB/
√
PCIB, from the new populations [40]. Blue (3.6 µm) and red (4.5 µm) circles
are derived using the IRAC/Chandra measurements [13]. Solid green line is the best fit for the 3D ΛCDM power template at dA = 7 Gpc (z=15);
the yellow regions marks 1σ deviation of the fit which gives χ2
0
= 10.85 for the 18 data points. The angular scales shown here are where clustering
component dominates, and at the same exceeds the contributions from known sources at > 5σ level for both IR bands. The CXB fluctuations from
known sources remaining in the marked configurations are shown to be above the signal if probed directly. From [40]. Middle: Overall S/N for
the signal in the right panel through CIB-CXB cross-power measurements from Euclid-eROSITA and Euclid-Athena configurations. Shaded area
marks S/N ≥ 3. From [40]. Right: Filled regions show the range of the S/N of the CIB-TSZ cross power over the Euclid Wide Survey region for
the marked experimental configurations for an IGM temperature of Te=104K; the value of S/N ∝ Te. From [8, 39].
Substantial improvements in the CIB-CXB cross-power will be provided by the Euclid CIB
data and eROSITA [47] X-ray maps. These would bring decisive probes of the cross-power signal
[40] particularly from the deep eROSITA coverage of 140 deg2 at the poles. ESA’s Athena [51], to
be launched later in the next decade, will bring further refinements in the measurement, particularly
if it covers a wide area of∼100 deg2 at the depth corresponding to the current Chandra integrations
in [12, 50, 13, 44]. Figs.4,left/middle show the expected progress for answering Q3,Q4. The large
areas covered by eROSITA and Athena with good energy resolution will allow probing the CIB-
CXB cross-power at hard X-ray energies, enabling further insights into Q3,Q4 and the new sources.
If they are at high-z, further probe of the CIB sources will involve testing their impact on the
state of IGM at reionization by measuring the thermal SZ component using a cross-correlation
of the source-subtracted CIB from Euclid with multifrequency CMB maps, suitably constructed to
remove primary and kinematic SZ CMB terms [8]. The prospects here are illustrated in Fig. 4,right
which shows the possibility of probing IGM temperature to well below 104K with multifrequency
CMB maps of low noise and high resolution from AdvACTPol [58, 57, 54] and CMB-S4 [2].
Further CIB information will be available from WFIRST to be launched in 2nd half of 2020’s
[53] which will map 2,000 deg2 with 4 filters from 0.9 to 2 µm. The area covered will be smaller,
but observed more deeply than in the Euclid surveys. The WFIRST wavelength coverage will
extend to longer wavelengths allowing the probe of potentially higher-z components. The areal
coverage of JWST surveys will be too limited to provide a detailed probe of the clustering signal in
the power spectrum. However JWST will provide the deepest possible direct survey of contributors
to the CIB. A configuration covering 1 deg2 to mAB = 28 in all 7 NIRCAM wide filters will
take ∼400 hrs of JWST’s time and was proposed by [38] to result in significant new information
(Q1,Q2) on the new CIB sources, including their energy spectrum over 0.6–6µm.
New ground-based telescopes can provide very deep and wide surveys of the resolved galaxy
populations, but are not well-suited for measuring CIB fluctuations at the scales and wavelengths
of interest. The study of CIB fluctuations will perfectly complement ongoing neutral hydrogen 21
cm line intensity mapping studies (e.g. PAPER, EDGES, HERA, LOFAR, MWA, SKA), where
the 21 cm global or power spectrum signals characterize the topology and z-evolution of the IGM
[48, and refs therein]. Since CIB is more sensitive to the nature and properties of early sources, the
combination of the two approaches will provide a complete picture at the time of the first light.
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